Abstract This paper presents a high linearity wideband sharp roll-off Opamp-RC low-pass filter (LPF) for Ultra wideband (UWB) applications. The proposed LPF is composed of three biquads' transfer functions with different Q-factors in series. Sharp roll-off is attributed to the steep slope of the peaking of a biquad transfer function with a high Q-factor. The superposition of these biquads also helps extend the bandwidth of the overall LPF transfer function without the cost of extra power dissipation. The effects of biquad arrangements on noise and linearity performances are investigated. A simple operational amplifier (op-amp) is adopted to ensure high frequency characteristics and high linearity performance for the designed filter. The LPF is implemented in 0.13-lm IBM CMOS process from 1.5 V supply. The measured cutoff frequency is 264 MHz with the pass-band ripple of less than 1 dB. Digital frequency tuning is implemented with 40% of tuning range around the cutoff frequency. The amount of out-of-band rejection at 290 MHz and at twice cutoff frequency is 12 dB and about 50 dB, respectively. Good linearity with IIP3 of 23 dBm is obtained. The 6th-order LPF dissipates only 12 mW with the active chip size of 400 9 640 lm 2 .
Introduction
Ultra wideband (UWB) systems for wireless personal area network (WPAN) has recently emerged and drawn great attractions and concerns from the market as well as researchers. With frequency range from 3.1 to 10.6 GHz [1] , UWB system can be categorized into two approaches, single band (impulse radio) and multiple bands. For the multi-band approach, multi-band orthogonal frequency division multiplex (MB-OFDM) UWB [2] , the spectrum is divided into several sub-bands of 528 MHz. Thus, MB-OFDM UWB can be implemented with very high data rate up to 480 Mb/s to meet the increasing demands of consumers for fast data transmission.
Low-pass filter (LPF) is a key building block in the transmission system, mostly designed for channel selection and anti-alias. In MB-OFDM UWB [3] , 7.5 GHz spectrum is divided into 14 bands of 528 MHz as shown in Fig. 1(a) , each of these channels can easily cause the interferences on adjacent ones and vice versus. Therefore, the accumulated interferences from other channels can overlap on one given channel. Because of that severe inherent characteristic of MB-OFDM UWB, high performance LPF for channel selection is needed.
Recently published works on LPF for UWB show high frequency characteristics, however, the rejection ratio is moderate with large power consumption [4] [5] [6] . For wideband LPF design, G m -C LPF is often used but it is limited in linearity, dynamic range and sensitive to parasitic [7] . These limitations can be overcome with active-RC LPF approach. However, previously reported works of active-RC LPF are often for narrow band applications and most papers show the cutoff frequency in the range of a hundred MHz are G m -C type [8] [9] [10] [11] [12] . It is due to the open-loop structure and excellent gain-bandwidth property of G m -C integrator. In wideband active-RC LPF, high loop gain at high frequencies requires high gain bandwidth product. Thus, the trade-off between high frequency characteristic and the cost of high power consumption always poses a challenge for designers.
In this paper, a wideband, high linearity operational amplifier (op-amp) RC LPF for UWB with sharp stop-band characteristic is presented. A special technique to increase the roll-off and extend the bandwidth of the filter is proposed without cost of power dissipation. A simple op-amp is adopted to ensure high frequency performance of the designed filter with low current consumption. Digital tuning is implemented to deal with process variation. The filter is designed in 0.13-lm CMOS process. The proposed filter, compared to other early designs of wide band op-amp RC LPF, shows very good performance, proving itself suitable for wideband applications like UWB.
The remaining paper is organized as follows. Section 2 presents the filter configuration consideration. The sharp roll-off technique is proposed in Sect. 3 with discussions and considerations for the structural effects on NF and linearity performance. The detail LPF design is presented in Sect. 4. Section 5 presents the measurement results. Finally, Sect. 6 concludes.
Filter system considerations
The direct conversion receiver architecture shows a great potential to achieve highest integration level of wireless transceiver with low power consumption. In this approach, LPF is critical block to filter out undesired channels and interferences. Each MB-OFDM UWB channel is 528 MHz wide thus the required cutoff frequency (f c ) of LPF is 264 MHz. As aforementioned, the LPF is required to have very high out-of-band rejection ratio due to dense channel spacing in frequency plan, shown in Fig. 1(a) . The required rejection is the difference between the received interferer power, the wanted UWB power level, and the SIR. The filtering specification can be calculated from the required sensitivity (80.5 dBm for 110-Mb/s mode), the assumed interferer scenario, and the required receiver signal-to interferer ratio (SIR) of 6 dB at the output of the filter [13] .
In this design, the frequency of concern for 12 dBr rejection is at 290 MHz which is the most challenging, and 30 dBr at twice the cutoff frequency of 528 MHz, shown in Fig. 1(b) .
High linearity feature is also demanded, hence, out of band interferences do not create inter-modulations which fall in the pass-band. From the system performance analysis, the allowed in-band ripple is 1 dB and the required group delay is 6 ns, which is based on the ADC performance design [3] .
The order of the filter is determined based on the type of filter, cutoff frequency and signal rejection ratio requirement. Classical configurations are Bessel, Chebysheve, Elliptical and Butterworth filters. Among them, Butterwoth gives a high rejection ratio with the same order while requires a reasonable Q-factor. Butterworth filter also features a flat in-band magnitude response and good group delay.
To achieve high rejection ratio at the cutoff frequency as required in Fig. 1(b) , the number of order for Butterworth LPF (n Bu ) calculated from (1) should be larger than 20 based on the theory analysis in [14] , resulting in a very complex, large chip size, high power consumption circuit, and large group delay. n Bu can be expressed by Fig. 1 where x s and x p is the stop-band and pass-band frequency, a max is the ripple at the pass-band and a min is the attenuation at the stop-band. Because of that, 6th order LPF topology is chosen as a compromise of those constraints. The whole structure of 6th order LPF is shown in Fig. 2 with three biquad stages. In order to satisfy the sharp rejection ratio and obtain high cutoff frequency, a new technique is proposed which employs the steep slope around the peaking point.
3 Proposed sharp rejection techniques
Biquad superposition
To obtain high rejection ratio or steep roll-off characteristic, the steep slope due to a high Q transfer function is taken advantage. The three biquads shown in Fig. 2 are designed with different AC characteristics and Q-factors. These biquads transfer functions are superimposed to extend the cutoff frequency and exploit the steep roll-off. Figure 3 demonstrates the proposed technique. Each biquad has the different peaking, which depends on the Q-factor, at different cutoff frequencies. When cascading them, the frequency responses are combined, at the filter cutoff frequency, sharpest slope is obtained while a flat AC response is achieved at other frequencies in the pass-band. From Fig. 3 , biquad 1 has highest Q (&10) peaking at the cutoff frequency (at 264 MHz), leading to a sharp slope. In contrast, Biquad 2 (Q & 0.5) shows a major attenuation at the cutoff frequency to roughly compensate with a relatively high gain peaking in the frequency response of biquad 1. Biquad 3 is needed to smoothly compensate with the combination response of biquad 1 and biquad 2. Therefore, biquad 3 is supposed to have a moderate peaking (Q & 1.6) at a lower frequency (around 150 MHz). The peaking frequency of biquad 3 should be in between the cutoff frequency of biquad 1 and 2. It is chosen based on the relation with the Q-factor values of the other two biquads. As a rule of thumb, it is inversely proportional to the Q-factor of biquad 1. From the simulation, the peaking frequency of biquad 3 should be selected to be around 60% of the filter's cutoff frequency. At this frequency, the compensation is easy to be made while reserving the sharp slope characteristic. The role of biquad 3 is to raise the frequency response around these frequencies (150 MHz), which is reduced by biquad 2 and partly contribute further attenuation apposing the peaking of biquad 1 around the cutoff frequency. As a result, when the three biquads' frequency responses are combined, a very sharp rejection is achieved at the cutoff frequency with flat frequency response over the remaining passband.
The arrangement of three biquads also affects the noise figure (NF) and linearity performances of the filter depending on the placement of each biquads. The investigation of this effect is in the following.
Noise and linearity considerations
The three-biquad filter can be generalized as a system of three stages with different gain, Q-factor, and noise figure characteristics.
Thus, the NF can be estimated using Friis' equation [15] . 
Based on the above equation, the arranging order of three biquads can help reduce the noise figure (NF). The NF is dominated mostly by the first stage, thus, the first stage should have higher gain or high Q for gain peaking. However, it is not intuitive to determine which biquad should stand in the second and third stages in order to achieve the minimum NF. Using the simulator, in Fig. 4 , the NF data of all the possible arrangements of the three biquads are provided. From Fig. 4 , the NF performance varies respectively with the biquad arrangements. The worst case is with the biquad combination of 2-3-1. Which agrees with the prediction since the first stage, biquad 2, has the lowest gain. This combination shows an average NF of around 21 dB along the pass-band. The minimum average NF is achieved with the biquad combination of 1-3-2. With this combination, the biquad 1 with the highest gain stands in the first stages followed by the biquad 3 with a moderate gain, and the last stage is the biquad 2 with the lowest gain characteristic. Its average NF is around 13 dB, showing 8 dB of improvement in NF compared with the combination of 2-3-1.
The biquad placements also show an impact on the linearity of the designed filter. Specifically, it is the input voltage which can be handled by the filter or voltage 1 dB compression point (V1 dB). If the first stage has too high gain, the input signal is amplified, thus the filter can easily be saturated. As a rule of thumb, in order to accommodate high input signal voltage, a low gain stage should be placed first. This point seems to be contradicting with the condition for the minimum NF. Therefore, the V1 dB performances of all possible biquad combinations are simulated to find out the optimal arrangement for both NF and V1 dB performance. Figure 5 shows the V1 dB performance of all possible biquad combinations. From  Fig. 5 , the best V1 dB is obtained with the biquad combination of 2-3-1. From Fig. 4 , this combination exhibits the worst NF. It is the trade-off between NF and linearity performances.
Based on Figs. 4 and 5, one can find the optimal combination for a good NF and V1 dB performance is 1-2-3. Thus, the filter will be designed following this biquad combination.
LPF designs

Biquad
A biquad is shown in Fig. 6 equivalent to a 2nd order LPF. It consists of two op-amps and other passive components, R and C. The transfer function of the biquad can be expressed as
From (3), the cutoff frequency (x cutoff ), Q-factor and gain (H) of the biquad are determined by R and C values as
and H = R 2 /R 1 , respectively. As described above, each biquad has different Q-factor and f c . Therefore, by changing the values of the passive components, desired AC characteristics are obtained for each biquad. As a guideline for the selection of component values, C 1 and C 2 are chosen equal, so are the value of R 2 and R 3 . At a given cutoff frequency, R 2,3 and C 1,2 are determined, thus R 4 is varied for obtaining different Q-factor values for each biquad without changing f c . To change the cutoff frequency, the value of R 3 is varied, which will be discussed in the Section 4.3.
Op-amp design
Operational amplifier (op-amp) is the core circuit in designing the RC LPF. It will determine the frequency characteristics, linearity and voltage swing of the whole LPF. In order to have high frequency performance, a lowcomplexity op-amp is adopted in this design, shown in Fig. 7 . The op-amp has two stages, gain stage and output buffer. The NMOS source follower buffer stage has the unity gain and its main function is to maintain the high frequency performance and for the output impedance matching. Degeneration resistor R of the fist stage is used to increase the linearity of the op-amp as well as the overall LPF. R is chosen as 40 Ohm to ensure good linearity while maintain high enough DC gain of the Op-amp.
In the first stage, due to the tradeoff between the current consumption and gain, a cross connection at the PMOS load transistors is adopted to ensure high DC gain for a given limited amount of current dissipation. Diode connected in parallel with cross-coupled PMOS transistors (M 5, 6 ) are used as the load of the op-amp. The gain of the op-amp without cross-coupled PMOS (M 5, 6 ) is represented by
where R L = 1/g mp , g m and g mp are the transconductance of transistor M 3,4 and M 7, 8 , respectively. With the presence of cross-coupled PMOSs, the total conductance (G total ) at the output is reduced [16] , leading to the improvement of the gain given in (6) due to the increase of R L as follows
From (7), when g mp7, 8 and g mp5, 6 are designed with close values, R L can be significantly increased and so is the gain.
Another advantage of the op-amp shown in Fig. 7 is self-biasing. No current reference or common mode feedback is required for the load avoiding additional power dissipation. However, the g m cancellation for gain enhancement only occurs effectively when both output voltages are close to each other. That is the tradeoff of the implemented op-amp for its high DC gain characteristic and simplicity.
The op-amp may experience a slight mismatch and cause positive feedback and instability. To ovoid such issues, the proposed op-amp characteristics are investigated and design guidelines are provided as follows.
The feedback loop gain can be given as in [16] by
From (8), A loop must be smaller than unity to avoid the stability problem, which means that g mp5 \g ds7 þ g mp7 þ g ds5 þ g ds3 . Therefore, the rule of thumb for the selection of transistor sizes is g mp5,6 \ g mp7, 8 .
The op-amp has two poles, the dominant one is at the output node and the other one is at the drain of PMOS load transistors. Those transistor sizes are selected with small channel length to put this pole far away from the dominant one. Thus, the op-amp shows very high frequency characteristic. The simulated gain-bandwidth product of the proposed op-amp is around 2 GHz at the unity gain. The DC gain and phase responses of the op-amp are shown in Fig. 8 . Its DC gain is around 47 dB, and the phase margin is 88°, which is good enough to keep the op-amp stable. 
Tuning circuitry
An important issue in practical continuous time filter design is the corner frequency variation due to process, temperature and supply voltage variation. The cutoff frequency is set by the values of Rs and Cs in Fig. 6 , however, those values can vary as much as 25%. In order to deal with this practical issue, in this design, a digital tuning circuit is adopted. From (4), by varying the value of resistor R 3 , the cutoff frequency can be changed. The capacitor value tuning is not chosen because the value of capacitor is small and close to the parasitic value and very sensitive to process variation, thus, the tuning is not accurate. 3 control bits (b 0/2 ) are used at the input resulting 8 frequency tuning steps at the output. An array of 8 resistors with different values from r0 to r7 is implemented at the position of R 3 in each biquad. The bits (b 0/2 ) will simultaneously control the values of R 3 in these biquads. The decoder composed of logic components, translates the 3 input control bits into one of 8 outputs for respective cutoff frequency control. The output of the decoder will turn on the switch, SW0/SW7, as a result, selecting the right value of the resistor R 3 corresponding to the input bits combination for a given cutoff frequency. The digital tuning block diagram is shown in Fig. 9 . When R 3 is varied for tuning function, the overall Q-factor of the filter is changed leading to peaking behavior of the LPF characteristic. In order to keep the pass-band flat, from (5), R 4 is varied accordingly to keep Q unchanged at a given cutoff frequency.
Experimental results
The UWB LPF is designed using 0.13-lm CMOS technology with the voltage supply of 1.5 V.
The frequency transfer characteristic of the designed LPF is shown in Fig. 10 . The cutoff frequency at 1 dB is 264 MHz. At 290 MHz the rejection is 12 dBr, and is about 50 dBr at twice the channel bandwidth, 528 MHz. The sharp rejection at the cutoff frequency is in agreement with the prediction. This filter shows very sharp slope over the range from 264 to 290 MHz, compared to other filters of the same order by cascading a number of low order filter stages [17] . Measurement results show 5 MHz shift compared to simulation. This frequency shifting is small compared to the bandwidth of a UWB channel and tolerable thanks to the frequency tuning function.
The designed LPF is tunable, nearly 40% around the cutoff frequency. 3-bit digital control results in 8 frequency Filter characteristic is quite flat with the ripple varying around 1 dB over the entire tuning range. As can be seen from Fig. 10 , at the maximum cutoff frequency, the LPF shows a peaky characteristic with highest ripple of 1.2 dB. As the cutoff frequency decreases, the ripple reduces.
Post-layout simulation shows the group delay value of around 5ns and almost constant along the pass-band, shown in Fig. 11 . At the cutoff frequency, the group delay experience a peaking with the value of 9ns due to high Q-factor.
In Fig. 12 , two-tone in-band test at 30 MHz and 40 MHz is shown. IM3 is about -44 dB which shows low 3rd order nonlinearity interference on the designed filter. As a result, high linearity performance with 23 dBm of IIP3 and P1 dB is 3 dBm is achieved. The IIP3 and P1 dB measurement results are shown in Fig. 13 . Considering the low supply voltage of 1.5 V, the designed filter shows a very good linearity performance.
The measured NF of the UWB LPF is shown in Fig. 14 . The estimated averaged NF is around 18 dB over the passband with the input referred spectral noise density of about 15:8 nV/ ffiffiffiffiffiffi Hz p . It increases rapidly in the stop-band due to the sharp decrease in gain of the designed LPF characteristic. The total current consumption of the LPF is 8 mA, or 12 mW. Digital tuning circuit consumes almost no DC current. The LPF performance of this work is summarized in Table 1 and is compared with previously reported works of high frequency LPF designs in Table 2 . Based on the defined figure of merit (FOM) in [18, 19] , a modified FOM is proposed (9) to provide an accurate comparison of the performance of the designed LPF with previous publications. Since the pole's frequency is proportional to the transconductance which is proportional to the square-root of the bias current, doubling the bandwidth requires 4 times increase of current. Therefore, the square of filter cutoff frequency (f c ) as in [19] and minimum technology size (L) are taken into account for fair comparison in different technology. The proposed FOM is expressed as FOM ¼ fcðMHzÞ ½ 2 ÂLðlmÞ Â SFDRðdBÞ
where P is the total power consumption, N is the number of poles, and SFDR is the spurious free dynamic range. As can be seen from Table 2 , the proposed LPF shows the best performance with the smallest power consumption compared to other state-of-the-art LPFs for wideband applications.
In Fig. 15 , the die micrograph is shown with the core size of 400 9 640 lm. All the components are integrated on chip with ESD pads.
Conclusion
A wideband, high linearity sharp-rejection op-amp RC LPF for UWB system is proposed and implemented in 0.13-lm CMOS process. The circuit techniques for the bandwidth extension and sharp stop-band characteristic are proposed by superimposing the biquads with different cutoff frequencies and Q-factors. The NF and linearity characteristics related to the biquad arrangements are also analyzed to find the optimal performance. The measurements show 264 MHz of cutoff frequency with nearly 40% digital tuning range to deal with process variation. The amount of stop-band rejection is 12 and 50 dBr at 290 and 528 MHz, respectively. The in band ripple is less than 1 dB leading to nearly constant group delay entire the pass-band. In-band two-tone test shows good linearity with 23 dBm of IIP3. The LPF consumes 8 mA from 1.5 V supply and the die size is 400 9 640 lm. The designed filter, compared to other early designs of wideband active-RC LPF, shows very good performance making it suitable for wideband applications like UWB. 
